DNA-DNA hybridization and DNA-protein or enzyme interactions are essential steps in biomolecular recognitions. These interactions have been conventionally studied by gel mobility shift assay. This technique gives us only qualitative information, we must label enzymes radioactive or fluorescent molecules, and it takes a relatively long time to analyze the results. Here we introduce a new tool of a highly sensitive 27 MHz quartz-crystal microbalance (QCM), in which the resonance frequency decreases linearly with the increase of mass on the electrode area at the nanogram level. Thus, when a host molecule is immobilized on a QCM, the binding behavior and its kinetics can be monitored from frequency changes due to the guest binding in aqueous solution. The results are also compared with those from a surface plasmon resonance sensor.
Introduction
Reversible hybridization of complementary DNAs and sequence specific binding of peptide or proteins (enzyme) to double stranded DNA are fundamental to the biological processes of replication, transcription, and translation. Physical kinetic studies of nucleic acid hybridization and protein (enzyme)-DNA interactions are necessary for understanding these important biological processes on a molecular level. These molecular recognitions have been mainly studied by gel mobility shift assay. [1] [2] [3] [4] [5] This technique is widely used in molecular biology; however, it has some difficulties with regard to quantitatively detecting interactions. DNA or peptide is usually labeled either directly or indirectly with fluorescent or radioactive molecules, and it takes relatively a long time to analyze the results. The results are often qualitative, and there can be uncertainly in knowing the absolute binding amount, the time course of reaction, and kinetic factors.
In this review, we introduce a 27 MHz quartz-crystal microbalance (QCM) as a new tool to detect biomolecular recognition in aqueous solution. A QCM is known to provide very sensitive mass measuring devices in gas phase [6] [7] [8] [9] [10] [11] and in aqueous solution. [15] [16] [17] [18] [19] [20] [21] [22] [23] Its resonance frequency decreases linearly upon the increase of mass on the QCM electrode at the nanogram level. When ssDNA is immobilized on a QCM, the hybridization behavior could be followed as a frequency decrease (mass increase) responding to the addition of complementary ssDNA in the solution. From the time course of the frequency decrease (mass increase), the binding amount (∆m), association constant (Ka), binding and dissociation rate constant (k1 and k-1) can be obtained. When dsDNA was immobilized on a QCM, sequence specific binding of peptide or protein (enzyme) could also be followed quantitatively.
As another commercially available and in-situ biomolecular interaction analysis (BIA) method, a BIAcore TM system (Pharmacia Biotech, Co.) has recently attracted interest. [24] [25] [26] The basis of the BIAcore TM system is the optical phenomenon of surface plasmon resonance (SPR), in which the angle of incident beam required for SPR changes depending on binding amount of guest molecules due to the change of refractive index and other factors near the Au surface.
Although BIAcore TM /SPR techniques have derived quantitative information from refractive index changes, these methods have been largely used qualitatively in the past because optical phenomena are affected by various factors near the interface of the surface and solution. plate is 8 mm and Au electrodes are deposited on both sides (diameter: 2.5 mm, area: 4.9 mm 2 ). One side of the quartz crystal was sealed with a rubber casing, maintaining it in an air environment to avoid contact with the ionic aqueous solution, while the other is exposed to aqueous buffer solution (see Fig.  1 ). A cased 27 MHz QCM was connected to an oscillation circuit designed to drive the quartz in aqueous solution. The frequency changes were followed by a universal frequency counter (Hewlett Packard Co., Ltd., Tokyo, Model 53131A) attached to a microcomputer system (Macintosh Power Book 170, Apple Computer, Co.).
The following Sauerbrey's equation has been obtained for the AT-cut shear mode QCM in the air phase, 27 (1) where ∆F is the measured frequency change (Hz), F0 the fundamental frequency of the QCM (27 × 10 6 Hz), ∆m the mass change (g), A the electrode area (4.9 mm 2 ), ρq the density of quartz (2.65 g cm -3 ), and µq the shear modulus of quartz (2.95 × 10 11 dyn cm -2 ).
When the QCM is employed in an aqueous solution, Eq. (1) cannot be simply applied due to effects of interfacial liquid properties (i.e., density, viscosity, conductivity, and dielectric constant), 28 thin film viscoelasticity, 29 electrode morphology, 29,30 and the mechanism of acoustic coupling impact on the QCM oscillation behavior. Therefore, we calibrated our cased 27 MHz QCM in aqueous solution (pH 7.9, 10 mM Tris-HCl, 0.2 M NaCl, at 20˚C), analogously to the calibration of our conventional 9 MHz QCM. [18] [19] [20] [21] [22] [23] A suitable amount of polymer solution was cast (0.1 -15 mg ∆F = -2F0 2 Aρ µ ∆m cm -2 ), LB film of lipid monolayers was deposited (0.04 -4 mg cm -2 ), or 10 -30 mer oligonucleotides having SS groups were directly immobilized (10 -60 ng cm -2 ) on the bare Au electrode side of the cased QCM plate. One linear relationship was observed between the deposited amount of mass and the frequency decrease of the QCM both in air phase and in the aqueous solution, independent of deposition methods and chemical compounds. The slope of this curve yielded that a frequency decrease of 1 Hz corresponded to a mass increase of 0.61 ± 0.1 ng cm -2 on the QCM electrode. This means that the Sauerbrey's equation can be applied in the aqueous solution limited by these experimental conditions. When the long chain ssDNA such as 100 -300 mer was immobilized on the QCM, however, the linear correlation could not be obtained in the aqueous solution due to the effect of flexible conformation of the long DNA chains on the electrode. The sensitivity for the mass change of a 27 MHz QCM was increased by about 10 times, in comparison to our conventional 9 MHz QCM (∆m = 6.5 ng cm -2 ). 8, 10 The noise level of the 27 MHz QCM was ±5 Hz in buffer solution at 20˚C, and the standard deviation of the frequency was 10 Hz for 12 h in the same condition. These values were the same level as those for the conventional 9 MHz QCM. [18] [19] [20] [21] [22] [23] 
DNA-DNA Hybridization
DNA hybridization studies in a homogeneous solution require the ability to separately monitor paired and unpaired nucleic acids. DNA hybridization in solution may be monitored by several methods, such as hypochromisity (UV spectra), circular dichroism spectra, calorimetry, fluorescent probes, and NMR spectra. All of these techniques, however, require relatively large amounts (several micrograms mL -1 ) of nucleic acids and separation processes for paired and unpaired nucleic acids.
In this part, kinetic studies of DNA-DNA hybridization are described from time dependencies of frequency decrease (mass increase) of the 10 -30-mer nucleotide-immobilized QCM system, responding to the addition of oligonucleotides in buffer solution. Figure 2 nucleotide ( 5′ GGGAATTCGT 3′ ) is immobilized through an avidin-biotin interaction, responding to the addition of complementary 10-mer 3′ CCCTTAAGCA 5′ or 10-mer nucleotide having one mismatching base in the middle of the sequence ( 3′ CCCTG -AAGCA 5′ , the underline shows the mismatching base) in the aqueous buffer solution (10 mM Tris-HCl, pH 7.9, and 0.2 M NaCl) at 20˚C. The immobilized amount of a probe nucleotide was 60 ng cm -2 (3 ng, 1 pmol on a 4.9 cm 2 Au electrode). When a large excess of complementary 10-mer nucleotide was injected (0.19 µM, 3.0 µg in 5 mL), the frequency gradually decreased in time and saturated at -∆F = 80 ± 5 Hz (∆m = 48 ± 2 ng cm -2 ) within 20 min. After picking up the QCM plate to the air phase and drying carefully it in air, we obtained the binding amount of a target 10-mer nucleotide to be ∆m = 50 ± 10 ng cm -2 from the frequency decrease in the air phase before and after hybridization. This value was consistent with the in-situ binding amount in the aqueous solution. This means that effect of hydration or not-evaporated water molecules near nucleotides and proteins is small. When an excess amount (0.4 µM) of the 10-mer nucleotide having the same sequence of a probe nucleotide ( 5′ GGGAATTCGT 3′ ) was present in the solution in advance, the binding of the target oligonucleotide was inhibited. This is due to the double strand formation in the solution. A target oligonucleotide cannot bind to the probe oligonucleotide on a QCM. The binding behavior of a 10-mer nucleotide having one mismatching base was hardly observed (∆m <10 ng cm -2 , curve (b) in Fig. 2 ). When only avidin was immobilized on the QCM without a biotinylated oligonucleotide, any nucleotide molecules were hardly bound. These results indicate that the complementary hybridization is observed in the curve (a) of Fig.  2 .
Binding kinetics can be also calculated from time dependencies of frequency decreases (mass increases). The binding between a probe and a target nucleotide is described by Eq. (1).
(1)
The hybridization amount formed at time t after injection is given by Eqs. (2) -(4).
[
The k1 and k-1 could be obtained from the slope and intercept
of the linear correlation of Eq. (4) to be 2.4 × 10 4 M -1 s -1 and 0.02 s -1 , respectively. The association constant Ka could be calculated to be 1.2 × 10 6 M -1 from k1/k-1 (see Table 1 ).
DNA-DNA hybridization experiments were also carried out by using a BIAcore system for comparison, and the results are shown in Fig. 3 . Shown are typical time dependencies of ∆RU changes of the sensor immobilized with the biotinylated 10-mer nucleotide ( 5′ GGGAATTCGT 3′ , ca. 60 ng cm -2 ) on an avidin monolayer, responding to the binding with the complementary 10-mer nucleotide in the flow cell. At the arrow A, the solution of the target nucleotide was flowed, and at the arrow B, the buffer solution was flowed again. When the complementary 10mer nucleotide was flowed, clear binding and dissociation behavior were observed. On the contrary, when the 10-mer nucleotide having one mismatching base in the middle of the sequence, the binding behavior was hardly observed.
Kinetic parameters could be obtained from the curve fitting method as well as the QCM measurements using Eqs. (1) -(4). The obtained association constants (Ka), and binding and dissociation rate constants (k1 and k-1) are summarized in Table   1115 ANALYTICAL SCIENCES NOVEMBER 2000, VOL. 16 Table 1 Binding and dissociation rate constants (k1 and k-1) and association constants (Ka) of a target 3 'CCCTTAAGCA 5 ' to a probe biotinylated- 5 1 (Run 2). The obtained kinetic parameters were fairly consistent with those obtained from the QCM method (Run 1). The immobilization method and the nucleotide sequences used are the same, but only the measurement concept is different in both QCM (mass change) and SPR (refractive index change) methods.
The commercially available sensor tip of BIAcore TM was coated with a dextran layer having carboxymethyl groups as side chains to immobilize biomolecules. 24 In order to compare the results obtained when avidin was directly immobilized on the bare Au surface, we also immobilize avidin in the carboxylic acid groups in the swelled dextran layer and biotinylated 10-mer nucleotide was introduced in the same manner. Kinetic parameters are also summarized in Table 1 (Run 3). The similar binding parameters were obtained when the nucleotide was immobilized either on the surface of the bare Au plate or in the swelled dextran layer on the sensor tip.
We also compared the results obtained on the solid surface of the QCM or SPR with those obtained in the homogeneous solution. Morrison and Stols 31 obtained kinetic parameters by fluorescent quenching method of hybridization of fluorescent probe-introduced 10-mer nucleotides between 5′ AACCATCAGG 3′ and 3′ TTGGTAGTCC 5′ in the aqueous solution (pH 8.0, 0.1 M NaCl, at 20˚C): k1 = 8 × 10 4 M -1 s -1 , k-1 = 7 × 10 -2 s -1 , and Ka = 1.1 × 10 6 M -1 . These values are close to the kinetic parameters in Table 1 (Runs 1, 3, and 4) obtained in the hybridization through an avidin-biotin immobilization on the solid surface. These results indicate that effects of the solid surface and steric hindrance are relatively small when a target nucleotide is small and a probe nucleotide is immobilized through a long spacer of avidin-biotin interaction.
The sensitivity of DNA hybridization could be increased by chemical modification of immobilized DNAs such as DNA dendorimers 32 and by using immunoreactions, 33 even on a 9 MHz QCM.
Selective Binding of GCN4-bZIP to dsDNA
Specific interactions between protein and DNA are of fundamental importance for understanding how genetic regulatory proteins bind at promoter and enhancer sites and affect gene transcription. It is known that such sequencespecific proteins have some similar DNA binding domains that are classified as motifs. The yeast transcription factor GCN4 has the basic leucine-zipper (bZIP) motif.
The motif corresponds to a 56-mer peptide of the C-terminal sequence 225 -281, and forms a short region of predominantly basic amino acid residues immediately preceding a leucine-zipper domain that acts as a dimerization unit. The bZIP 56-mer peptide is a simple α-helix based DNA binding motif, and it has been reported to recognize the DNA sequence by itself. A cylindrical structure of a bZIP monomer is shown in Fig. 4 . X-ray crystallography confirms that the leucine-zipper region forms a homodimer of parallel α-helices coiled-coil region and the two N-terminal basic regions fit into the major groove of specific DNA recognition sites of sequence 5′ ATGACGTCAT 3′ (CRE site). [34] [35] [36] Electrostatic effects and hydrogen bonding of Lys, Arg, and Asn residues in the basic region are thought to be important for the specific binding to the CRE site.
The binding behavior of bZIP peptides or GCN4 proteins to DNA strands has been studied mainly by gel mobility shift assay. Here, a 27 MHz QCM is applied to study quantitative kinetics of specific binding of bZIP to a duplex DNA. Our experimental set up is shown in Fig. 4 . Figure 5 shows min (curve a). After the QCM plate was picked up to the air phase at the saturation and dried in air, the binding amount of bZIP was calculated to be ∆m = 90 ± 10 ng cm -2 from the frequency decrease in the air phase before and after the bZIP binding. This value was consistent with the in-situ binding amount of curve (a) in the aqueous solution. Molecular weight of a CRE (21 bp) duplex was accidentally almost twice of bZIP as 13800 and 6650, respectively. Thus, the binding of ca. 95 ng (14 × 10 -12 mol) cm -2 of bZIP to the CRE duplex of ca. 95 ng (6.8 × 10 -12 mol) cm -2 means that two bZIP molecules (i.e., a dimer) bind to one CRE site of 21 bp DNA strand. When the random 20 bp duplex was immobilized alone on the QCM, bZIP hardly bound (curve c). When an excess amount (0.4 µM) of CRE was present in the solution in advance of added bZIP, the binding of bZIP to the CRE-immobilized QCM was inhibited. This is apparently due to the CRE-bZIP formation in the solution that blocks bZIP from binding to CRE on a QCM. This result clearly indicates that bZIP binding to the CRE site is sequence specific.
When ss-bZIP was added to the solution instead of bZIP, essentially no binding to the CRE site was observed (curve d). This indicates that the leucine-zipper region is important for sequence-specific binding to the CRE site. Dimerization constants of a leucine-zipper region of bZIP without DNA have been reported to be 10 7 -10 8 M -1 . Since these experiments were carried out in the range of bZIP concentration of 10 -7 -10 -6 M (mainly 10 -6 M), bZIP is expected to exist as a dimer when it binds to the CRE site. It is expected that ss-bZIP could mimic the bZIP dimer, however, not only was binding affinity decreased but also sequence specificity was largely decreased.
Direct Monitoring of DNA Polymerase Reactions
Replication and transcription are key processes in the cell. DNA polymerase is one of the responsible enzymes for replication and repair of DNA along the sequence of a template strand. 35 The reaction mechanism of polymerases has been mainly studied by Benkovic et al. by measuring the accumulation of RI-labeled products as a function of time, which has been achieved by the combination of gel electrophoresis with a stopped flow/quenched flow technique, and by measuring time-resolved fluorescent spectroscopy. To know the total enzyme reaction mechanism, it is more useful to monitor in situ the whole reaction steps such as enzyme binding, elongation along the template, and release of enzymes from the template on the same device. In this part, the template/primer-immobilized 27 MHz QCM is shown as a useful tool to detect directly and quantitatively each step of polymerase reactions in aqueous solution (see Fig. 6 ). Klenow fragment of DNA polymerase I from E. coli was chosen as a polymerase, because it is expected to show only polymerase activity from 5′ to 3′ along the template in this experiment. Polymerase I (E. coli) usually has the 5′→3′ exonuclease activity for double strands and the 3′→5′ exonuclease activity for single strand, as well as the 5′→3′ polymerase activity. Klenow fragment of it has the strong 5′→3′ polymerase activity and the weak 3′→5′ exonuclease activity. Since the 5′-primer is immobilized on the QCM in our system, only the polymerase activity is expected to be observed. Figure 7 shows typical frequency changes as a function of time of the template I (TTTTC)3-immobilized QCM, responding to the addition of Klenow fragment (Mw. 68000, TaKaRa, Co., Shiga, Japan) as a polymerase and/or dATP and dGTP as complementary monomers in the aqueous solution. In curve (a), when polymerase was injected at an allow (7.0 pmol per 8 mL of a cell), the frequency decreased (mass increased) gradually for ca. 30 min due to the slow binding of polymerase on the primer (step 1). The binding amount at the equilibrium was 140 ± 10 ng (2.0 pmol) cm -2 , which indicates one polymerase binds per ca. three template/primer chains, since 6.0 pmol (120 ± 10 ng cm -2 ) of DNA was immobilized on the QCM. When monomers were added excessively at the second injection of the curve (a) (520 nmol per 8 mL), the mass rapidly increased within 1 min (step 2, ∆m = 40 ± 5 ng cm -2 ), and then rapidly decreased to the constant value (step 3, ∆m from the starting point is 40 ± 5 ng cm -2 ). The elongated mass of 40 ng cm -2 (6.0 pmol) corresponds to the immobilized amount (6.0 pmol) of the single strand of the template (TTTTC)3. The mass decrease at the step 3 (140 ± 10 ng cm -2 ) corresponds well to the mass increase due to the polymerase binding of the step 1 (140 ± 10 ng cm -2 ). When a nonsense solution of dCTP and dTTP was injected instead of complementary monomers as a second injection, no changes in the frequency were observed. Thus, the 1117 ANALYTICAL SCIENCES NOVEMBER 2000, VOL. 16 mass increase at the step 2 indicates elongation along the template, and the mass decrease at the step 3 means the release of the enzyme from the completely polymerized DNA. After the release of the bound enzyme, the resulting mass increase was consistent with the mass increase at the step 2 [40 ng cm -2 (6.0 pmol)].
When monomers of dATP and dGTP had existed in advance and then polymerase was injected at the arrow, the mass simply increased as shown in curve (b) and reached as the same mass increase to curve (a) . Thus, the frequency change apparently reflects the mass increase due to the elongation on the QCM. This slow frequency change may reflect the slow binding of polymerase to the template, since the elongation process and the release of enzymes may proceed very quickly in the presence of excess monomers.
When the long template II (TTTTC)10 was employed at the same condition of curve (a), both the binding amount (step 1) and the release amount (step 3) of polymerase were similar to those for Template I. On the contrary, the mass increase due to the elongation (step 2 and the final mass increase) became ca. 3 times larger corresponding to the 3.3 times longer length of the template.
When the concentration of polymerase increased in the range of 0.7 -14 pmol per 8 mL in curve (a) of Fig. 6 , the binding amount (step 1) showed a simple saturation curve against the injected concentrations. From a reciprocal plot, the dissociation constant Kd was obtained to be 3 ± 1 nM independent of the template length. When the monomer concentrations injected at step 2 were changed in the range of 0.5 to 10 nmol per 8 mL, the initial slope of step 2 increased linearly and the apparent elongation rate constant kcat could be obtained to be 8 ± 1 s -1 independent of the template length. Release rate constant koff could be obtained from the initial slope of the step 3 to be 0.02 s -1 .
Kinetic values of Kd = 200 nM, kcat = 3.8 s -1 , and koff = 0.1 s -1 have been obtained in the combination of a very long (dA)1000(dT)10 template/primer and the same Klenow fragment by using the rapid quenching gel electrophoresis. 38 The smaller Kd = 5 -8 nM has been obtained in the combination of the short template similar to ours and the same Klenow fragment by using both the rapid quenching gel electrophoresis 39 and timeresolved fluorescent method. 40 Kinetic values obtained by our QCM methods were consistent with those obtained by the conventional methods.
Conclusion
The 27 MHz QCM is highly sensitive and quantitative enough to detect various molecular recognitions on DNA molecules, such as DNA-DNA hybridization, 41 sequence specific binding of bZIP peptide to dsDNA, 42 and a series of DNA polymerase reactions such as the binding process of enzyme, the elongation rate and the release of the enzyme from the completely polymerized DNA). 43 Since the QCM is a mass-measuring device, we can apply it widely to detect various host-guest interactions: adsorption of bitter or odor substances to lipid membrane, 22 peptide-DNA interactions, 44 intercalation of antibiotics to DNA strands, and in vitro selection of DNA binding to host molecules. 45, 46 7 References
